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Sorting nexins (SNXs) form a family of proteins known to

interact with components in the endosomal system and to

regulate various steps of vesicle transport. Sorting nexin 9

(SNX9) is involved in the late stages of clathrin-mediated

endocytosis in non-neuronal cells, where together with

the GTPase dynamin, it participates in the formation and

scission of the vesicle neck. We report here crystal struc-

tures of the functional membrane-remodeling unit of SNX9

and show that it efficiently tubulates lipid membranes in

vivo and in vitro. Elucidation of the protein superdomain

structure, together with mutational analysis and biochem-

ical and cell biological experiments, demonstrated how

the SNX9 PX and BAR domains work in concert in target-

ing and tubulation of phosphoinositide-containing mem-

branes. The study provides insights into the SNX9-induced

membrane modulation mechanism.
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Introduction

The generation of vesicular carriers for intracellular traffick-

ing is characterized by an elaborate system of integral and

peripheral proteins, which together with membrane lipids,

package cargo for delivery to target destinations. The mod-

ulation of membrane shape into round or tubular extensions,

and the subsequent sealing and scission of the leaving

vesicle, are key events in such progressions. Proteins with

BAR (Rvs/amphiphysin/Bin) domains, and related F-BAR

domains, were recently acknowledged as important proteins

with membrane-modulating activities (Peter et al, 2004;

Gallop and McMahon, 2005; Itoh and De Camilli, 2006).

When assembled on the lipid surface, these proteins can

create or stabilize membrane curvature, and thereby facilitate

the generation of vesicular or tubular structures. The BAR

domain is a dimer of subdomains, consisting of three or four

long helices forming a protein structure with a crescent shape

that contributes to the bending of the membrane into a fixed

curvature by scaffolding (Peter et al, 2004; Gallop et al, 2006;

Masuda et al, 2006; Shimada et al, 2007). The generation of

high curvature, as found in small vesicles or narrow tubes,

requires in addition that lipid molecules are displaced by

partial insertion of the protein into the bilayer (Zimmerberg

and Kozlov, 2006). In some BAR proteins, like amphiphysin

and endophilin, such function is accomplished by N-terminal

extensions that fold as amphipatic helices that embed into the

membrane to create a ‘wedge effect’ (Gallop and McMahon,

2005; Itoh and De Camilli, 2006). Electron micrographs

showed that spherical liposomes incubated in vitro with

recombinant amphiphysin 1 BAR domain are converted to

tubules with a continuous and tightly spaced arrangement of

thin rings (Takei et al, 1999), indicating well-ordered oligo-

merization of the BAR domains on the membrane surface.

Also the EFC/F-BAR domain induces tubular membranes

coated with rings/spirals of protein oligomers (Shimada

et al, 2007). This suggests that the tubulation mechanism

might be accompanied by BAR domain oligomerization.

BAR domain proteins possess additional domains that

either bind to other proteins required for the vesiculation

process, or which assist in their localization to certain lipid

structures. In a large number of proteins, BAR domains are

flanked by PX (phox homology) domains or PH (pleckstrin

homology) domains (Habermann, 2004). Both these domains

show affinity for various phosphorylated phosphatidylinosi-

tols (phosphoinositides), but may also be involved in pro-

tein–protein interactions (Seet and Hong, 2006; Lemmon,

2007). It is thought that the combination of the BAR domain

with PX or PH domains adds to the specificity in localization

and action on defined cellular membranes. The PX-BAR

proteins are found within a collection of proteins designated

as sorting nexins (SNXs) (Worby and Dixon, 2002; Seet and

Hong, 2006). The SNX protein family, which consists of over

30 members in mammals, is involved in diverse vesicular

trafficking events. Twelve of the SNX proteins have the PX-

BAR domain combination, which in all cases is located at the

C-terminus of the protein. This is in contrast to the BAR-PH

proteins, which have their lipid-binding domains at the

N-terminus.

SNX1, SNX2, and SNX9 are the best characterized of the

PX-BAR proteins. SNX1 and SNX2 have been shown to

participate in retromer function for sorting and formation of

tubular endosomal structures involved in the recycling of

material to the trans-Golgi network (Carlton et al, 2004;

Griffin et al, 2005; Rojas et al, 2007). SNX9, which in addition

to PX-BAR also contains an SH3 domain and a long unstruc-

tured motif domain (LC domain), participates in the forma-

tion of clathrin-coated vesicles at the plasma membrane in
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non-neuronal cells (Lundmark and Carlsson, 2003, 2004;

Soulet et al, 2005). Together with its two paralogs SNX18

and SNX30, SNX9 forms a sub-family of PX-BAR proteins

(K Haberg, R Lundmark, and SR Carlsson, in preparation).

These proteins are the only ones with an SH3 domain in

combination with PX-BAR. SNX9 comes into play at a rela-

tively late stage in clathrin vesicle formation and recruits the

large GTPase dynamin to the neck of the vesicle. Dynamin is

thought to be directly responsible for the scission reaction

that releases the vesicle from the membrane (Hinshaw, 2000;

Praefcke and McMahon, 2004). SNX9 binds dynamin via its

SH3 domain, and adheres to the clathrin coat by binding

motifs in the LC domain for both clathrin and its adaptor

protein AP-2. Although dynamin itself has membrane-tubu-

lating activity in vitro (Takei et al, 1999), it is uncertain if this

activity is alone responsible for formation of the narrow

tubular neck before scission takes place (Roux et al, 2006).

It is possible that the PX-BAR unit of SNX9 cooperates with

dynamin for the tubulation and scission reaction to release

the coated vesicle. In addition to its proposed direct role in

clathrin-mediated endocytosis, SNX9 has been suggested to

be involved in a number of plasma membrane-related events

such as receptor downregulation, clathrin-independent en-

docytosis, and actin dynamics (Howard et al, 1999; Lin et al,

2002; MaCaulay et al, 2003; Yeow-Fong et al, 2005; Childress

et al, 2006; Badour et al, 2007; Yarar et al, 2007).

In order to understand how PX-BAR proteins perform their

functions in the progression of membrane deformation, it is

of importance to reveal the details of this structural unit. We

show here that PX-BAR of SNX9, together with flanking

subdomains, form a single superdomain with efficient mem-

brane-tubulation activity, and mutational analysis revealed

important features for the function of combined lipid-binding

domains.

Results and discussion

PX-BAR is a functional membrane-binding unit of SNX9

active in membrane tubulation

It was previously shown that recombinant PX-BAR (residues

185–595) from SNX9 had membrane-binding activity in vitro

(Lundmark and Carlsson, 2003). When expressed in HeLa

cells as a myc-tagged protein, PX-BAR produced large num-

bers of long tubules (Figure 1A). Earlier structural/functional

studies on PX domain and BAR domain proteins have identi-

fied amino acids critical for lipid binding and/or tubulation

activity (Cheever et al, 2001; Peter et al, 2004). Mutations of

the corresponding residues in the PX domain (Y287A) or in

the BAR domain (K522E/K528E) of SNX9 totally abolished

the tubulation capacity, showing that both domains are

involved in the membrane-modulating function. The tubulat-

ing activity could be reproduced in vitro by incubation of

recombinant PX-BAR with liposomes made from brain-de-

rived phospholipids (Figure 1B). The generated lipid tubules

had a uniform diameter of approximately 20 nm, but no

distinct protein pattern could be visualized by electron micro-

scopy.

The quantitative dominating phosphoinositides involved

in endosomal trafficking are PI(3)P and PI(4,5)P2 (Roth,

2003). When liposomes with defined lipid composition

were used in binding experiments with PX-BAR, we found

that the protein showed higher affinity to PI(4,5)P2- than to

PI(3)P-containing liposomes (Figure 1C), consistent with the

role of SNX9 in clathrin-mediated endocytosis. As a control,

the PX domain of SNX3 (Xu et al, 2001) showed strongest

binding to liposomes with PI(3)P as expected (Figure 1C). PX-

BAR of SNX9 was able to induce tubules from both PI(4,5)P2-

and PI(3)P-containing liposomes in vitro (Figure 1D).

Consistently, however, tubulation was more efficient when

the liposomes contained PI(4,5)P2, possibly due to the fact

that the binding was stronger to these liposomes. The results

indicate that SNX9 uses restricted phosphoinositides to

achieve a robust initial binding required for membrane

tubulation.

In order to confirm the preference of SNX9 PX-BAR for

PI(4,5)P2 in cells, we treated transfected cells with agents

known to affect the metabolism of specific phosphoinosi-

tides, and scored for PX-BAR tubulation efficiency. Ionomycin

is a calcium ionophore that induces the activation of phos-

pholipase C, resulting in hydrolysis of PI(4,5)P2 (Varnai and

Balla, 1998). A brief treatment with ionomycin gave a com-

plete redistribution of PX-BAR from a tubular to a cytoplas-

mic appearance (Figure 1E). Wortmannin, which is an

inhibitor of PI3 kinases (Vanhaesebroeck et al, 2001), had

no effect on the distribution of PX-BAR. As a control, wort-

mannin was found to markedly affect the localization of the

PI(3)P-binding protein EEA1, which appeared on more

elongated structures after treatment. As expected, EEA1

was found not to be affected by ionomycin. The results

show that, although PX-BAR has the capacity to bind and

tubulate PI(3)P-liposomes in vitro, the localization in cells is

dependent on PI(4,5)P2-containing membranes, which sug-

gests that this is the primary phosphoinositide for SNX9

function.

The crystal structure of SNX9 PX-BAR

The crystal structure of recombinant SNX9 PX-BAR (residues

204–595) represents the protein homodimer (Figure 2A and

B). SNX9 PX-BAR dimerizes via a canonical symmetric

crescent-shaped BAR dimer formation similar to that ob-

served in other BAR domains (Tarricone et al, 2001; Peter

et al, 2004; Gallop et al, 2006; Masuda et al, 2006) . The distal

parts of the curved BAR dimer are symmetrically decorated

with PX domains and small subdomains. The regions flank-

ing the SNX9-PX domain are located in proximity and form a

single subdomain of two parallel packed a-helices and an

antiparallel b-sheet of three b-strands twining about the BAR

domain arm (Figure 2C). Based on its shape and its role in

interconnecting the PX and BAR domains, we call this sub-

domain the ‘yoke domain’ (Y domain), which is split into YN

(residues 214–250) and YC (residues 375–390) (Figure 2C).

The recently described BAR-PH structure of APPL1 (Li et al,

2007) showed no similar interconnecting domain between

the BAR and PH domains, which instead contacted via a

small surface at the tip of the BAR domain. The yoke

subdomain in SNX9 unites the membrane-binding domains,

forming a single superdomain for membrane sculpting. The

extensive interdomain contacts between BAR, PX and Y

provide proper domains inter-orientation and define the

curved shape of the entire protein construct. The structure-

based sequence alignment (Figure 2D) of the SNX9, SNX18,

and SNX30 PX-BARs demonstrate high degree of structural

conservation in the proteins composing the subfamily.
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The SNX9 BAR domain. The SNX9-BAR monomer consists of

three long a-helices connected via loops (Figure 3A). The

three helices form a left-handed bent coiled-coil structure

within an SNX9-BAR monomer. Upon dimerization, the

three-helical coiled-coils from both the monomers weave

into a six-helical coiled-coil forming the dimer core, whereas

P

S

P
er

ce
nt

 li
po

so
m

e-
bo

un
d

0

10

20

30

40

50

PS

A
PX-BAR+lip LipPX-BAR

B

C D

Y287A

K522E/K528E

PI3P

PI4,5P2

Ionomycin

Wortmannin

PX-BAR
EEA1

PX-BAR
EEA1

P

S

PX-BAR

SNX3

E

PI3
P

PI3
P

No 
lip

Bra
in 

lip

PI4
, 5

P2

PI4
, 5

P2

Figure 1 Membrane binding and tubulation by SNX9 PX-BAR. (A) Epifluorescence micrographs of HeLa cells transfected with myc-tagged
wild-type (PXBAR) and mutated (Y287A and K522E/K528E) PX-BAR, stained with anti-myc antibodies. While wild-type protein created distinct
elongated tubular structures, the PX and BAR domain mutants gave diffuse cytoplasmic staining. Scale bars are 10mm. (B) Electron
micrographs of liposomes and tubules. Liposomes were made from brain lipid extract and passed through 800-nm filters by extrusion.
Liposomes were mixed with 10 mM purified PX-BAR (PXBARþ lip) or buffer (lip), and processed for electron microscopy. Scale bar is 100 nm.
(C) Liposomes were made from brain lipid extract (brain lip), a 10:10:40:40 (w/w) mixture of phosphatidylserine, cholesterol, phosphatidy-
lethanolamine, and phosphatidylcholine (PS), or with 5% of PtdIns-3-phosphate (PI3P) or PtdIns-4,5-bisphosphate (PI4,5P2) in the PS mixture
at the expense of phosphatidylserine. Liposomes were extruded through 800-nm filters and mixed with 0.7mM protein as indicated, or protein
was incubated without liposomes (no lip). Samples were centrifuged and supernatants (S) and pellets (P) were analyzed by SDS–PAGE and
quantitated by densitometry. The bars show the means (7s.e.m.) from four experiments. (D) Electron micrographs of PI4,5P2- and PI3P-
containing liposomes generated as in panel C and incubated with 10mM purified PX-BAR. Scale bar is 100 nm. (E) Epifluorescence micrographs
of HeLa cells transfected with myc-tagged PX-BAR construct and treated with wortmannin or ionomycin as indicated. Cells were stained with
anti-myc antibodies and costained with antibodies for EEA1. Scale bar is 10mm.

Figure 2 (A) Side view of the SNX9 PX-BAR dimer structure ribbon diagram. BAR domains are shown in red, PX in blue, and the novel Yoke
(Y) subdomain in yellow. N- and C-termini are labeled. (B) Top view of the SNX9 PX-BAR dimer structure. The domains are labeled. (C) Ribbon
representation of SNX9 Yoke (Y) subdomain structure. The Yoke domain consists of two parts: YN derived from amino-acid residues 214–250
and YC from 375–390. Secondary structure elements are labeled. (D) Sequence alignment of human SNX9 (Q9Y5X1), SNX18 (AAH67860), and
SNX30 (ABN09670) PX-BAR domains. The proteins represent a subfamily of PX-BAR SNXs. Secondary structure elements corresponding to the
SNX9 structure are monitored. Coloring corresponds to that from panels A–C. Helices are labeled with H, b-strands with S, and P denotes a
proline-rich motif. The amino-acid residues involved in the dimerization are labeled (þ , hydrophobic bar–bar contacts; *, H-bond bar–bar
contacts), as well as residues involved in interdomain interaction (y, hydrophobic bar-px:y contacts; &, H-bonds bar-px:y contacts). Symbols of
consensus sequence are: 2, E/Q; 3, T/S; 4, K/R; 5, Y/F; and 6, hydrophobic.
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the extremity of the monomers form three-helix bundle arms

extended from the dimer core (Figure 3B). The dimer contacts

via extensive hydrophobic and polar interactions typical for

coiled-coil helical bundles, and the interface contact area is

3191 Å2. The core BAR regions can be superimposed with the

reported BAR domain structures with an r.m.s.d. B2 Å. In

spite of similar domain architecture and conserved core

structure, the shape and curvature of different BARs varies

significantly from 150 Å for arfaptin 2 (Tarricone et al, 2001)

to 600 Å for PHC-F-BAR (Shimada et al, 2007). SNX9-BAR

exhibits an intermediate curved crescent-like shape that

would fit a circle of diameter 400 Å. As shown for the

known BAR domain structures, the curvature of the BAR

dimers results from the manner in which the monomers

interact and from the kinks in the helices forming the dimers

(Peter et al, 2004; Casal et al, 2006; Masuda et al, 2006). In

SNX9-BAR the a1 is kinked in the middle at the position of

the Pro430–Leu431–-Pro432 sequence (Figure 3B). This insert

allows bending of helix1 in the direction opposite to the main

curvature pattern of the BAR dimer. The kink is located at a

position corresponding to the helical insert in the a1 of

endophilin, which is believed to be incorporated into the

membrane, facilitating membrane curvature (Masuda et al,

2006). The a2 is kinked at two sites: the first is at the position

of Pro482, which is aligned in the space with the Pro–Leu–

Pro kink of a1, and the second is at position Pro504. The

kinks allow bending of the SNX9-BAR arms in a direction

perpendicular to the dimer symmetry axis. The described

kinks structurally determine the SNX9-BAR arm orientations

and consequently the curvature of the SNX9-BAR. The bent

SNX9 BAR dimer conformation is constrained by the exten-

sive (contact area is 1661 Å2) hydrophobic and polar contacts

with the PX and Y domains.

The SNX9 PX domain. The PX domain (residues 251–372)

represents the conventional PX domain fold but with an extra

C-terminal a4-helix. It consists of an N-terminal three-

stranded b-sheet (b1–b3) and a C-terminal helical bundle

comprised of four a-helices (a1–a4), where a1 and a2 are

connected via a long loop containing a Pro-rich motif (PP-

loop) (Figure 4A). The SNX9-PX PIP-binding pocket repre-

sents a positively charged cavity formed by the a1, b2, and a2

with the adjacent PP-loop.

The SO4-bound SNX9 PX-BAR structure revealed an anion-

binding site in the SNX9-PX PIP-binding pocket occupied by

the sulfate ion (Figure 4B). The ion-binding site is structurally

conserved among PX domains that bind phosphoinositides

with head groups phosphorylated at the third position

(p40phox, Grd19p, and CISK-PX) (Bravo et al, 2001; Zhou

et al, 2003; Xing et al, 2004) and corresponds to the PI3P third

phosphate moiety-binding site in the Grd19p–PI(3)P (Zhou

et al, 2003) and p40phox–PI(3)P (Bravo et al, 2001) complex

structures. The site is formed by the side chain of Arg286 and

the main-chain nitrogens of Tyr287 and Lys288. Arg286 is

conserved among most of PX domains and has been char-

acterized as the binding determinant of the 3-phosphate

moiety of PIPs (Bravo et al, 2001; Zhou et al, 2003; Xing

et al, 2004) The observed SO4 ion bound to SNX9-PX may

mimic the phosphate moiety of a bound PIP.

The SNX9 PX-BAR crystals were soaked in solutions con-

taining different PIPs (see Materials and methods), but only

C4PtdIns3P soaking resulted in SNX9-PX-BAR complex for-

mation. The PI(3)P-bound SNX9 PX-BAR structure proved the

functionality of the described anion binding site. The ob-

served PI(3)P molecule occupies the SNX9-PX PIP-binding

pocket in a manner similar to that observed in the Grd19p–

PI(3)P and p40phox–PI(3)P complexes (Figure 4C), where the

third phosphate moiety is accommodated in the conserved

anion-binding pocket. Lys313 is strictly conserved among PX

domains and located close to the 1-phosphate group of the

PIP ligand, and contacts via hydrophobic and Van der Waals

interactions with the inositol ring. The ring also contacts the

side chain of the conserved aromatic Tyr287 via hydrophobic

stacking interactions. Mutations of these residues greatly

Figure 3 (A) SNX9 BAR domain monomer in rainbow colors from the N-terminus in blue to C-terminus in red. a-helices are labeled. (B) SNX9
BAR domain. The core and arm regions are monitored, and the proline amino-acid residues at the a-helices kinks are labeled.
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decrease PX domain affinities to PIPs (Bravo et al, 2001).

This structural conservation might indicate the potential

role of the Lys313 and Tyr287 residues in the inositol ring

positioning.

Thus, the SNX9 PX-BAR crystal structure shows that the

SNX9-PX domain PIP-binding pocket is preformed for PI(3)P

binding, but the pocket has extra room to accommodate a

PIP, which is also phosphorylated at the 4 and 5 positions

(Figure 4D; Supplementary Figure S1A). This is in contrast to

the situation in Grd19p, where the pocket appears to be

restricted to PI(3)P binding (Figure 4E). The crystal structure

of PI3K-Ca-PX, which specifically binds PI(4,5)P2 (Stahelin

et al, 2006), revealed a sulfate ion mimicking a plausible

position of the 4-phosphate, consistent with the inositol ring

Figure 4 (A) Ribbon diagram of the SNX9 PX domain in rainbow colors, from PX N-terminus (251) in blue to PX C-terminus (372) in red.
Secondary structure elements are labeled. (B) SO4 ion bound to the SNX9 PX domain PIP-binding pocket. Amino-acid residues contacting the
ion are shown and labeled. (C) PI(3)P molecule bound to SNX9 PX domain PIP-binding pocket. Amino-acid residues contacting the PI(3)P are
shown and labeled. H-bonds are depicted as dashed lines. (D) PI(3)P molecule in the SNX9 PX domain PIP-binding pocket shown as a
molecular surface . The pocket is large enough to accommodate a PIP molecule phosphorylated at the fourth and fifth positions. (E) The PI(3)P
molecule fills the SNX3 PI(3)P-binding pocket (PDB ID 1OCU).
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orientation observed in PX-PI(3)P bound structures. The ion

is hydrogen bonded to the Arg327 side chain located on a2,

and this residue is conserved among PXs regardless of PIP

specificity. In the PI(3)P-binding PXs, including SNX9, the

Arg327 coordinates the 4-and 5-OH groups of PI(3)P, but the

Arg327 side chain may adopt a different rotomer conforma-

tion in the presence of the 4- and 5-phosphate moieties. It was

previously suggested that SNX9 is promiscuous in PIP lipid

binding (Lundmark and Carlsson, 2004) and this was con-

firmed in the present study (Supplementary Figure S2).

However, in the liposome assay condition used here, which

was optimized for tubule formation, binding was consistently

stronger to PI(4,5)P2- than to PI(3)P-containing liposomes. It

is likely that SNX9 PX-BAR in the crystalin state was unable

to bind PI(4,5)P2 due to the crystal packing, restricting the

flexibility of the loops involved in PIP-binding pocket forma-

tion. It is also possible that protein assembly during tubula-

tion affects the affinity and specificity in PIP binding.
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10mm). Electron microscopic analysis of liposomes incubated with purified proteins as indicated (right panel, scale bar is 100 nm). Note the
inability of the F208A/F211A mutant to tubulate membranes both in vivo and in vitro. (E) A 3D model of the N-terminal SNX9 helix 0.
Structurally resolved amino acids are shown in yellow and the modeled part is in magenta.
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Amphipatic helix important for membrane tubulation

The structurally resolved N-terminal a-helix begins at P214,

whereas the P204-K213 stretch at the N-terminus appears to

be flexible or unordered. This finding, together with the fact

that the crystallizable construct (204PL; for designations see

Figure 5B) was shorter than the tubulating protein (185DA),

led us to investigate a series of truncation variants to test for

the importance of the N-terminus for tubulating activity.

When the myc-tagged protein was expressed in HeLa cells,

no difference in tubulating activity was found between 201MK

and 185DA (Figure 5A). This indicates that the sequence from

D185 to S200, which is not conserved between species

(Figure 5B), is not directly involved in membrane modula-

tion, but is probably functioning as a bridge to lead the rest of

the full-length protein (SH3 and LC domains) to the convex

side of the structure when SNX9 is bound to the membrane.

Removal of three additional residues from 201MK to yield the
204PL construct resulted in a striking loss of tubulating

activity (Figure 5A), although occasionally tubes could be

seen in a few cells. Removal of the remaining residues to P214

(construct 214PG) rendered the protein completely inactive in

tubulation. Control experiments with an inserted linker se-

quence ruled out that the effect was due to the close position

of the myc tag in the shorter variants (results not shown).

The results indicate that the sequence 201-MKIPLNKFPGFAK

is critical for tubulation activity.

Theoretical analysis of the highly conserved M201-K213

sequence suggested that it may form an amphipatic helix

upon membrane contact (Figure 5B and E). If so, this

structure (designated helix 0) might functionally resemble

the N-helix in N-BAR proteins, which has been shown to be

inserted into the lipid bilayer to create curvature (Peter et al,

2004; Gallop et al, 2006; Itoh and De Camilli, 2006). Insertion

of SNX9-helix 0 into the membrane should make the mem-

brane-bound protein resistant to high salt concentrations due

to a hydrophobic effect. Experimental analysis showed,

as predicted, that membrane-bound 185DA and 201MK were

resistant to 0.5 M NaCl (Figure 5C). 214PG, although still

binding efficiently to liposomes, had lost the hydrophobic

property and was almost completely dissolved by salt,

whereas 204PL showed intermediate sensitivity. That hydro-

phobic amino acids in helix 0 are important for membrane

insertion and tubulation was verified by mutating F208 and

F211 to Ala in the 185DA context. The results from both salt

sensitivity and tubulation experiments with recombinant

protein, together with expression of myc-tagged protein in

cells (Figure 5C and D), confirmed that helix 0 is acting by

insertion of hydrophobic amino acids, most likely to create a

wedge effect similar to what has been suggested for N-BAR

proteins. However, since we presently have no experimental

proof for a helix (which may be formed only when the protein

is contacting the membrane), it cannot be ruled out that the

M201-K213 sequence exerts its function through some alter-

native conformational structure to create membrane curva-

ture. SNX9, SNX18, and SNX30 show similar properties in

their corresponding sequences with most of their positive and

hydrophobic amino acids in the same positions (see

Figure 2D), and are therefore likely to function similarly.

Although conserved regions upstream of the PX domain can

be found in other PX-BAR proteins, such as in SNX1 and

SNX2, these do not resemble the sequences predicted as

amphipatic helices in the SNX9 subfamily members. It is

possible that PX-BAR proteins have adopted different strate-

gies to modulate or stabilize membrane curvature.

The membrane-binding surface

The crystal structures with the biochemical data showed that

the SNX9 PX-BAR represents a single functional membrane

binding module efficient in membrane tubulation. The SNX9

PX-BAR electrostatic surface potential distribution calculated

using GRASP (Nicholls et al, 1991) showed that the concave

surface of the dimer is mostly positively charged (Figure 6A),

whereas the convex side of the protein is more negative

(Figure 6B). This allows proper initial orientation of the

protein relative to the negatively charged membrane surface.

The positive charge is not equally distributed on the SNX9

PX-BAR concave surface. The highly cationic patches are

located on the PX domain surface (Figure 6C). Interestingly,

in addition to the described PIP-binding pocket, the positive

patch extends continuously to a second basic pocket, which

is formed by amino-acid residues R286, K288, H289 from a1;

K363, K366, R367 from a4; and K262 from the b1–b2 loop.

These amino acids are all conserved among SNX9 subfamily

members. Mutations in this second positively charged pocket

demonstrated its importance for liposome binding. K363E

and K366E/R367E SNX9 PX-BAR mutants showed signifi-

cantly reduced binding capacity to brain liposomes, whereas

mutations in the primary PIP-binding pocket (Y287A/K313A)

had little effect on binding to this type of liposome

(Figure 6E). However, all the described mutants totally

abolished tubulation in vivo (see Figure 1A, and results not

shown). Control experiments showed that the Y287A/K313A

mutant indeed displayed decreased binding when liposomes

with defined lipid composition were used (Figure 6F), con-

firming that the mutated site has a role in phosphoinositide

binding. Since protein binding to PI(4,5)P2 was not comple-

tely abolished, it is possible that also other sites have affinity

to this phospholipid. The SNX9 BAR domain also possesses

well-pronounced positively charged surface patches.

Conserved basic residues (R426, K425, K433, and K437)

from both monomers are clustered in the middle of the

dimer. The tops of the BAR dimer arms expose conserved

basic residues K522 and K528. Mutation of these residues

leads to loss of the tubulation activity in vivo, but does not

affect the binding to brain liposomes (Figures 1A and 6E).

These data indicate that the second positively charged pocket

plays a critical role in the initial steps of SNX9 membrane

binding, whereas membrane deformation requires the full set

of intact PX-BAR superdomain structure, including the pri-

mary PIP-binding pocket and the positively charged patches

on the BAR domain. At present, it is not known if the second

site has preference for PIPs or other negatively charged

phospholipids, and further studies are required to solve this

issue. As we can see from the membrane-interacting surface

analysis, the interdomain orientation and dimerization of

SNX9 aligns the membrane binding surface of the BAR

domain with the PIP-binding pockets of PX domains, and

the curved shape of the entire protein construct facilitates

simultaneous membrane interaction of both domains

(Figure 6D).

When phosphoinositide-liposomes of different sizes were

used in binding assays, we were unable to detect a binding

preference dependent on the intrinsic curvature of the mem-

brane (results not shown). Most likely, this reflects the
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efficient tubulating capacity of PX-BAR, which is expected to

result in high binding regardless of starting liposome size.

However, when phosphoinositide-free liposomes were used,

a clear curvature-sensing effect was found (Figure 6G). PX-

BAR was unable to bind 800 and 400-nm liposomes consist-

ing of only phosphatidylserine and phosphatidylcholine, but
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Figure 6 (A, B) Electrostatic potential surface of SNX9 PX-BAR. (A) The concave face of the dimer is mostly positively charged. PI(3)P
moieties are shown in yellow and red. (B) The convex face is negatively charged. (C) Subfamily conserved basic amino-acid residues (black)
forming clusters on the concave face of SNX9 PX-BAR dimer. The residues from one monomer are labeled. (D) Side view of panel C. (E)
Membrane binding of PX-BAR mutants. The indicated proteins (0.7mM) were incubated together with liposomes from total brain lipids (þ ) or
without liposomes (�), and samples were centrifuged and the supernatant (S) and pellet (P) fractions were analyzed by SDS–PAGE. (F)
Indicated proteins were incubated with PI(3)P- or PI(4,5)P2-containing liposomes made as in Figure 1C, and the samples were processed as in
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when the size was decreased to 100 and 50 nm, a significant

interaction was achieved. This result conforms to the shape

of the BAR domain, and indicates that SNX9 requires suffi-

cient initial binding strength in order to modulate the mem-

brane into tubules. With phosphoinositides in the membrane,

the binding via the PX domain is strong enough to force the

lipids into contact with the positively charged amino acids at

the concave face of the BAR domain. Without phosphoinosi-

tides, the membrane has to be of correct geometry from the

start to display a suitable binding surface. In certain BAR

proteins such as amphiphysin and endophilin, which have no

phosphoinositide requirement, the tubulation capacity is

enhanced by highly charged areas at the distal ends of the

BAR domain or by the extra segments at the amino termini

(Farsad et al, 2001; Peter et al, 2004; Gallop et al, 2006;

Masuda et al, 2006). SNX9 uses in addition a phosphoinosi-

tide interaction mediated by the PX domain to overcome the

thermodynamic barrier for bending the membrane by the

BAR domain. This strategy, which adds another level of

specificity, may be a common theme used by PX-BAR and

BAR-PH proteins.

Based on the results in the present report, we propose

a model for the membrane-modulating activity of SNX9

PX-BAR to generate 20-nm tubes. PX-BAR dimers approach

the negatively charged membrane by interactions via the

second lipid-binding site on the PX domains on the concave

surface, followed by binding of PIP into the phosphoinositide-

binding pocket. The specific PIP binding leads to the tighten-

ing of the PX-BAR–membrane interactions, initiating

membrane deformation. When contacting the membrane,

helix 0 forms and inserts partially into the membrane,

creating membrane curvature. In order to stabilize the tubes

and to create directionality, SNX9 PX-BAR dimers might

oligomerize on the lipid surface by lateral contacts

(R Lundmark and SR Carlsson, unpublished data, 2007;

Yarar et al, 2007). Since the diameter of the generated

membrane tubes is smaller than the curvature of the concave

side of the PX-BAR structure, it follows that the elongated

protein must assemble on the surface at an angle that is not

perpendicular to the direction of the tube. It is possible that

the oligomerization property of SNX9 PX-BAR is the major

driving force behind the generation of narrow lipid tubules.

Further studies are required to investigate this possibility in

more detail.

The lack of curvature sensitivity for phosphoinositide-

containing membranes indicates that the initial binding of

SNX9 is to membrane formations with lower curvature

in vivo, such as clathrin-coated membrane buds containing

PI(4,5)P2. Subsequently, an enhancement of electrostatic

interactions and PIP binding, together with membrane

insertion and assembly into higher-order structures, might

generate the 20-nm neck previously observed for

highly invaginated clathrin-coated structures (Kosaka and

Ikeda, 1983). This action of SNX9 is likely coordinated

with the function of dynamin, which is also specific for

PI(4,5)P2 (Salim et al, 1996). Dynamin is recruited to the

membrane by SNX9 (Lundmark and Carlsson, 2004) and has

been shown to play an essential role in the fission reaction at

the neck of the forming vesicle (Hinshaw, 2000). Indeed,

SNX9 has been found to be an efficient stimulator of

dynamin’s GTPase activity. This function is dependent both

on the SH3 domain and the C-terminal part of SNX9, and is

enhanced by PI(4,5)P2-containing membranes (Soulet et al,

2005).

Materials and methods

Protein expression and purification
cDNA fragments corresponding to amino acids 185–595, 201–595,
204–595, or 214–595 of human SNX9 were inserted into the
pGEX-6P-2 vector (GE Healthcare). Mutagenesis was performed
on plasmids containing the cDNA fragment 185–595 using
QuickChange (Stratagene). All constructs were verified by sequen-
cing.

Different SNX9 protein constructs were expressed and purified
using essentially the same protocol. Proteins were expressed in
BL21 pLysS cells grown in LB medium, or in LeMaster medium
(LeMaster and Richards, 1985) supplemented with 50 mg/l seleno-
methionine, at 201C for 20 h after induction with 0.05 mM IPTG at
an OD600 nm of 0.5. The proteins were purified using glutathione–
Sepharose (GE Healthcare) followed by on-column cleavage of the
GST-tag with PreScission protease (GE Healthcare), and gel-filtrated
on a Sephacryl S-300 HR column (GE Healthcare) in 200 mM Tris–
HCl pH 7.4, 1 mM EDTA. All PX-BAR proteins, including the
mutants, behaved as dimers in gel filtration. For purification of
Se–Met-containing protein, 20 mM DTTwas added to all the buffers.
SNX3 (Xu et al, 2001) was purified in 150 mM NaCl, 20 mM Hepes,
pH 7.4, after bacterial expression from full-length cDNA inserted
into pGEX-6P-2. The GST tag was removed with PreScission
protease.

Liposome binding and tubulation
Generation of liposomes from total brain lipids (Folch fraction I,
Sigma) or synthetic lipids (Avanti Polar Lipids and Echelon), and
liposomes of a specified diameter, was performed as previously
described (Peter et al, 2004). Liposome binding assays for lipid
specificity and curvature sensitivity were performed essentially as
described (Peter et al, 2004). Briefly, proteins (0.7–3mM) were
incubated together with liposomes (1 mg/ml) in 200 mM NaCl,
20 mM Hepes, pH 7.4 at room temperature for 5 min, followed by
centrifugation at 100 000 g for 20 min and analysis of the pellet and
supernatant by SDS–PAGE. For the experiment shown in Figure 6E,
the buffer contained 1.5 mM MgCl2. Salt sensitivity of liposome-
bound protein was examined by the addition of 500 mM NaCl and
incubation for another 5 min before centrifugation. Samples for
electron microscopy were prepared by incubation of liposomes with
5–10mM of protein, and after incubation at room temperature for
10 min the samples were spread on electron microscopy grids and
stained with uranyl acetate.

Cell transfection and microscopy
SNX9 cDNA encoding different regions was inserted into a modified
pCMV vector after an myc epitope sequence (MEQKLISEEDLN-
GIEFGS), using appropriate restriction enzymes. HeLa cells were
grown in DMEM medium (Invitrogen) supplemented with 10% fetal
bovine serum and transfected using Lipofectamine (Invitrogen) for
transient protein expression, and analyzed 16–20 h after transfec-
tion. For manipulations of the cellular phosphoinositide content,
cells were treated with 100 nM wortmannin for 30 min, or 10mM
ionomycin for 5 min (both drugs from Sigma), before processing for
microscopy.

For immunofluorescence analysis, HeLa cells were fixed in 4%
paraformaldehyde in phosphate-buffered saline (PBS) for 15 min,
washed, and blocked in 5% goat serum, 0.05% saponin in PBS
before staining with rabbit anti-myc antibodies (Cell Signaling), or
mouse anti-EEA1 (BD Transduction laboratories), and secondary
fluorescent antibodies (Alexa 488 and 568; Molecular Probes) in 1%
goat serum, 0.1% saponin in PBS using standard protocols.
Epifluorescent images were taken using a Zeiss Axioimager Z1
system with AxioVision software.

Crystallization, X-ray data collection, and structure
determination
The protein was crystallized in hanging drops by the vapor diffusion
method as described elsewhere (Pylypenko et al, in press). Briefly,
in the initial crystallization experiments, the 185DA-SNX9 PX-BAR
protein preparation produced a granular crystal like pellet. Analysis
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of the pellet by SDS–PAGE and mass spectroscopy showed that the
crystallized protein was N-terminally truncated at amino acid 204.
Subsequent protein construct optimization in combination with
macro seeding technique resulted in 500� 200�100-mm crystals.
The optimized fragment 204PL-SNX9 PX-BAR crystallized in two
crystal forms P212121 and C2221. The data sets were collected from
cryoprotected (mother liquid supplemented with 20% of glycerol)
frozen crystals at 100 K on MAR CCD detector at the PXI beamline of
SLS (Villingen) synchrotron radiation source and processed with
XDS (Kabsch, 1993; Table I). SNX9 PX-BAR crystal structure was
determined by single anomalous dispersion method using P212121
form crystal grown from the Se–Met-substituted protein. According
to the calculated Matthews coefficient, the asymmetric unit
contained two protein molecules, consistent with the biological
unit representing a dimer. The positions of 22 selenium atoms were
found using SHELXD (Schneider et al, 2000). The heavy atom
position refinement and phasing were performed in CNS (Brunger
et al, 1998) using data to 3.2 Å resolution with the subsequent
density modification procedure. The resulting electron density map
clearly reflected the protein secondary structure elements arrange-
ment allowing the protein model building. Several rounds of model
building in O (Jones et al, 1991) were followed by simulated
annealing refinement using the Hendrickson-Lattman coefficients
maximum likelihood as the refinement target in CNS. The final
refinement runs including simulated annealing, energy minimiza-
tion and B-factor refinement were performed using the structure
factor maximum likelihood target in CNS.

The addition of 0.1 M ammonium sulfate to the cryoprotectant
solution improved the C2221 form crystals’ diffraction resolution to
2.4 Å. The structure of the C2221 crystal form was determined by
molecular replacement method using a monomer of the Se–Met
Snx9-PX-BAR as a search model. The asymmetric unit of the C2221
crystal form contained one protein molecule; the molecules in the
protein biological dimer are related by crystallographic symmetry.
The molecular replacement solution was refined in CNS using rigid-
body refinement, simulated annealing, energy minimization, and B-
factor refinement procedures. The resulting difference electron
density maps revealed a strong peak of additional electron density
in the PX domain phosphoinositide-binding pocket that was
modeled as a SO4 ion. Several iterative cycles of the model
rebuilding and refinement resulted in the final SO4-bound SNX9-PX-
BAR model.

In order to obtain PIP–protein complexes, the crystals
were soaked in the cryoprotectant solution containing 5 mM of
C4PtdIns(3,4)P2, Di-C4PtdIns(3,5)P2, C4PtdIns(4,5)P2, or C4PtdIns3P
(Echelon), but only C4PtdIns3P soaking resulted in complex
formation. The C2221 crystal soaked in the C4-PI(3)P solution
slightly changed the crystal unit-cell parameters probably due to the
ligand binding. The structure was solved by molecular replacement
method with the previously described SNX9 PX-BAR structure as a
search model. The initial difference electron density maps revealed
a clear electron density reflecting structural features of the PI(3)P
molecule bound in the PX domain phosphoinositide-binding
pocket. The PI(3)P-bound SNX9 PX-BAR model was iteratively
rebuild and refined as described for the SO4-bound structure.

Data quality, refinement statistics, and models geometry are
given in Table I. The atomic coordinates and diffraction data have
been deposited at the Protein Data Bank under accession codes
2RAI, 2RAJ, and 2RAK. Figures were prepared using the program
PyMol (http://www.pymol.org).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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Table I X-ray data collection, phasing, and refinement statistics

Crystal Se–Met SO4 bound PI(3)P bound

Space group P212121 C2221 C2221
Unit cell parameters a, b, c (Å) 65.6, 117.5, 145.8 61.5, 147.4, 115.2 64.06, 144.18,

118.25
Number of molecules in the AU 2 1 1
Matthews coefficient (Å3/Da) 3.03 2.82 2.94
Solvent content (%) 59.4 56.3 58.2
Wavelength (Å) 0.97952 0.97949 0.97955
Resolution (Å) 19.9–3.2 18–2.45 18–3.0
Number of unique reflections 35702 20901 12284
Redundancy 7.7 9.1 4.6
Completeness 99.2 (99.8) 99.7 (99.9) 99.4 (99.8)
Rmrgd (%) 6.9 (21.9) 3.8 (26.1) 5.7 (37.2)
I/s 21.5 (6.6) 22.9 (5.7) 22.3 (4.7)
Wilson B-factor 63.8 78.9 69.6
Phasing power SAD phasing with CNS centric/acentric 2.43/2.05
FOM after SAD phasing 0.36
FOM after density modification 0.86
Modeled amino-acid residues Mol A: 214–257, 268–311,

321–595; mol B: 214–257,
268–317, 322–595

214–595 214–595

Rcryst/Rfree (%) 23/30 24/28 23/29
R.m.s.d. from ideal geometry bonds (Å)/angles (deg) 0.009/1.2 0.007/1.25 0.008/1.45
Ramachandran plot region most favored/additional
allowed/generously allowed/disallowed (%)

87.3/12.1/0.3/0.3 89.5/9.4/0.9/0.3 86.8/11.7/1.5/0

Average B-factors (Å2) 64.3 74.5 61.1
PDB ID 2RAI 2RAJ 2RAK

mol, molecule; PDB, Protein Data Bank.
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